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Abstract
We investigate the antimicrobial activity and cytotoxicity to mammalian cells of conjugates of
the peptide antibiotic polymyxin B (PMB) to Au nanoparticles and CdTe quantum dots. Au
nanoparticles fully covered with PMB are identical in antimicrobial activity to the free drug
alone, whereas partially-conjugated Au particles show decreased effectiveness in proportion to
the concentration of Au. CdTe–PMB conjugates are more toxic to Escherichia coli than PMB
alone, resulting in a flattening of the steep PMB dose–response curve. The effect is most
pronounced at low concentrations of PMB, with a greater effect on the concentration required to
reduce growth by half (IC50) than on the concentration needed to inhibit all growth (minimum
inhibitory concentration, MIC). The Gram positive organism Staphylococcus aureus is resistant
to both PMB and CdTe, showing minimal increased sensitivity when the two are conjugated.
Measurement of reactive oxygen species (ROS) generation shows a significant reduction in
photo-generated hydroxyl and superoxide radicals with CdTe–PMB as compared with bare
CdTe. There is a corresponding reduction in toxicity of QD–PMB versus bare CdTe to
mammalian cells, with nearly 100% survival in fibroblasts exposed to bactericidal
concentrations of QD–PMB. The situation in bacteria is more complex: photoexcitation of the
CdTe particles plays a small role in IC50 but has a significant effect on the MIC, suggesting that
at least two different mechanisms are responsible for the antimicrobial action seen. These
results show that it is possible to create antimicrobial agents using concentrations of CdTe
quantum dots that do not harm mammalian cells.

S Online supplementary data available from stacks.iop.org/Nano/22/185101/mmedia

1. Introduction

The emergence of multiply-resistant bacterial strains is rapidly
becoming a public health crisis, especially in the case of
Gram negative bacteria [5]. A highly promising approach to
combat antibiotic resistance is to substitute or complement
antibiotic treatment with antimicrobial agents that work by
physical disruption of the bacterial cell, a mechanism that
genetic resistance often cannot overcome. Nanoparticles
may be among the best of these agents, but their toxicity
to humans must be measured and the exact mechanisms
of their action need to be determined. The concept of
nanoparticles as antimicrobials is not new. The antibiotic
property of silver (Ag) nanoparticles is well known and they
have been used topically and systemically to treat infections by

1 Author to whom any correspondence should be addressed.

physically destroying bacteria [25]. Bacterial toxicity studies
have also been performed with other types of nanoparticles:
titanium oxide [7], buckyballs or C60 [31, 20] and carbon
nanotubes [20, 6].

Quantum dots (QDs) are fluorescent semiconductor
nanoparticles with size-dependent emission spectra that can
be excited by a broad choice of wavelengths. The most
common types of QDs contain Cd, as this results in spectra
that span the visible, examples being CdSe, CdSe/ZnS, and
CdTe. All of these types of QDs can act as photosensitizers;
they absorb visible light and generate reactive oxygen species
(ROS), resulting in cytotoxicity. They can also mediate toxicity
through the production of Cd2+, which can induce generation
of ROS [19, 29].

Only a few studies have investigated QDs as antimicrobial
agents. The evaluation of QD toxicity to bacteria is complex
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as it is a function of: (1) QD core material and size/color,
(2) QD coating, (3) QD conjugation to targeting or antibacterial
molecules, (4) bacterial strain, and (5) conditions in which they
are used [2, 17]. We have previously reported in detail the
antimicrobial activity of unconjugated red/orange CdTe QDs
[12, 13]. In those studies, we found that Gram negative strains
were much more sensitive than Gram positive strains to CdTe,
with IC50 values of ∼50–100 nM when exposed to 30 min
of blue light for Gram negatives and values >1 μM for Gram
positives. Values were significantly higher when the samples
were kept in the dark. Toxicity was related to ROS generation
but not to liberation of free Cd2+ ions, which were released at
very low levels.

In this study, we wished to exploit the sensitivity
of Gram negative strains to QDs to create conjugates to
antibacterial agents that act in an additive or synergistic
fashion, demonstrating antimicrobial activity at very low QD
and antibiotic concentrations. Polymyxin B (PMB) is an
antibiotic which binds specifically to the lipopolysaccharide
portion of Gram negative bacteria [32]. PMB conjugated
to silver nanoparticles has shown synergistic effects with
PMB [27].

The goal of this study was to quantify the toxicity of var-
ious sizes of CdTe QDs to a Gram negative (Escherichia coli)
and a Gram positive (Staphylococcus aureus) bacterial strain,
with and without conjugation to PMB. As a comparison, we
also prepare PMB conjugates to Au nanoparticles which by
themselves are non-toxic to control for effects of nanoparticles
alone. We find that PMB–CdTe conjugates are highly effective
against E. coli, with an additive effect that depends upon light
exposure for its action. The conjugates are ineffective against
S. aureus except at very high concentrations, with a minimal
additive effect of CdTe. The effect is due to specific toxicity
caused by the CdTe particles, as Au particles of a similar size
reduce rather than augment the efficacy of PMB.

For QD conjugates to be potentially useful in vivo, they
must show minimal toxicity to mammalian cells. In this
work we also examine the toxicity of CdTe and CdTe–
PMB to NIH3T3 mouse fibroblasts. While CdTe alone
shows substantial toxicity, CdTe–PMB is less toxic to these
mammalian cells than the QDs alone, with negligible effects at
bactericidal concentrations. This suggests that creating highly
effective antimicrobial agents with low toxicity to mammalian
cells is possible using QDs.

2. Experimental methods

2.1. Au nanoparticle synthesis

The procedure for gold nanoparticle synthesis was adapted
from published methods [18]. Hydrogen tetrachloroaurate(III)
trihydrate (0.5 mmol) and tiopronin (N-(2-
mercaptopropionyl)glycine) (1.2 mmol) were dissolved in
20 ml of methanol/acetic acid 6:1 and an aqueous solution of
sodium borohydrate (7.5 ml, 8 mM) was slowly added. After
vigorous stirring for 30 min, the resulting black solution was
collected and concentrated. The resulting black residues were
dissolved in 20 ml of water and dialyzed for 72 h against dH2O
(2 l), which was changed every 12 h.

2.2. CdTe QD synthesis and solubilization

CdTe QDs were synthesized by a procedure using CdO as
the precursor [15]. Briefly, 0.026 g (0.20 mmol) of CdO
and 0.179 g (0.63 mmol) oleic acid (OA) were added to a
three-neck flask containing 10 ml of ODE. This mixture was
degassed for 5 min and heated under an N2 atmosphere to
220 ◦C until the solution became colorless. In a separate
vessel, the tellurium precursor (TOPTe) was prepared by
mixing 0.01 g (0.08 mmol) of Te with 0.415 g (1.12 mmol)
trioctylphosphine (TOP) and 2 ml ODE under N2 into a sealed
vial. This mixture was vigorously stirred until the solution
became light yellow. Next, the temperature of the CdO–
ODE mixture was further increased to 310 ◦C. Formation of
a gray Cd0 precipitate was evident after prolonged heating
(10–20 min) of the reaction mixture at 310 ◦C. Immediately
after formation of Cd0, the TOPTe precursor was rapidly
injected. The temperature was allowed to drop and stabilized
at 270 ◦C for the growth of the nanoparticles. Aliquots of
the reaction mixture were withdrawn at various time points
and injected into cold toluene to quench further growth. QDs
were solubilized with mercaptopropionic acid (MPA) using a
biphasic approach. 400 μl of toluene, 500 μl of 200 mM
phosphate buffered saline (PBS) (pH 9) and 1 μl of MPA were
added to 100 μl of concentrated hydrophobic QDs. Following
vigorous mixing, the QDs moved from the organic phase to the
aqueous phase, which was extracted using a pipette. QDs were
isolated from excess thiol by several cycles of concentration
and dilution using a filter with a 10 kDa cutoff (Vivaspin).

2.3. Nanoparticle characterization and conjugation

All particles were characterized by ultraviolet–visible (UV–
vis) absorbance and fluorescence emission spectroscopy, zeta
potential, and transmission electron microscopy (TEM). UV–
vis absorbance spectra were recorded on a SpectraMax
Plus plate reader (Molecular Devices, Novato, CA) and
fluorescence emission spectra on a Gemini EM plate reader
(Molecular Devices, Novato, CA). The concentration of
Au was determined by lyophilizing and weighing; molar
concentration was estimated using a molecular weight
calculated from the average particle diameter determined
from electron microscopy. CdTe concentrations were
calculated from UV–vis absorbance spectra using published
methods [33]. Zeta potential was measured using a
Zeta plus/Zeta potential analyzer (Brookhaven Instruments
Corporation, NY). Samples for TEM were prepared on carbon
coated copper grids, and examined with an accelerating
voltage of 200 keV on a JEOL JEM-2100F at the Centre
de Caractérisation Microscopique des Matériaux, École
Polytechnique de Montréal. Also performed were selected
area electronic diffraction (SAED) and energy dispersive x-ray
spectroscopy (EDS).

Particles were conjugated to PMB by electrostatic assem-
bly as we have published and characterized previously [9].
Briefly, nanoparticles and PMB were mixed at the desired ra-
tio and allowed to self-assemble for 30 min before use. The
conjugation efficiency was monitored by UV–vis spectroscopy.
Particles were purified of excess PMB by centrifugation and
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washing. The amount of PMB bound and the stability of
the conjugates were evaluated using the fluorescent ortho-
phthaldialdehyde (OPA) assay as previously described [10, 4]
in order to quantify unbound PMB in the solution. The OPA
solution was prepared by dissolving 1 mg ml−1 of OPA in
200 mM borate buffer and 2 μl ml−1 beta-mercaptoethanol.
For stability analysis, samples kept in the dark were compared
with those irradiated with 2.5 mW, 440 nm light. At each time
point, samples were withdrawn and unbound PMB was puri-
fied from the QD–PMB complex with a 10 K molecular weight
cut-off filter (Vivaspin). The filtrate was mixed with OPA so-
lution and incubated for 5 min. OPA was excited at 350 nm
and emission was measured at 450 nm and compared with a
standard curve to determine the amount of unbound PMB in
the solution.

2.4. Measurement of reactive oxygen species (ROS)

The generation of hydroxyl radicals was measured with
sodium terephthalate following published methods [3, 26].
Briefly, QDs were mixed with disodium terephthalate (1 mM)
(Sigma Aldrich) and irradiated. Aliquots of the reaction
mixture were withdrawn at 10 min time intervals, treated
with 0.5 volumes of 1 M NaOH and monitored by
fluorescence emission with excitation at 300 nm. The
colorimetric XTT assay was used to measure HO·

2/O−
2

generation [1]. The tetrazolium dye 2,3-Bis(2-methoxy-
4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT)
(Sigma Aldrich) was added to the QDs at 1 mM. After
the indicated period of irradiation, absorbance was measured
at 470 nm. The Amplex Red assay was performed using
the Amplex red hydrogen peroxide assay kit (Invitrogen)
according to the manufacturer’s instructions.

2.5. Bacteria

The bacterial strains used were a Gram negative strain
(Escherichia coli ATCC 10798) and a Gram positive strain
(Staphylococcus aureus methicillin-resistant clinical isolate).
Strains were cultivated aerobically, E. coli in Luria Broth (LB;
37 ◦C, 200 rpm) and S. aureus in brain heart infusion (BHI).
The IC50 of PMB, QDs, and QD–PMB with and without
light exposure were determined from growth curves taken as
described previously [13]. Briefly, samples were seeded into
96-well plates and allowed to grow to a determined optical
density at 600 nm (OD600), usually 0.1–0.15. The QDs were
added and irradiation was performed; the non-irradiated side
of the plate was screened with aluminum foil. The plates were
then placed into a heated plate reader at 32 ◦C and read at
600 nm every 10 min for 5–8 h. Growth curves were plotted as
OD600 versus time. Curve fits were performed using a Prism
5 for Macintosh OSX (GraphPad software).

2.6. Light exposure

To excite QDs bound to bacteria, irradiation was performed
with a custom lamp consisting of 96 2.5 mW, 440 nm LEDs
mounted onto a 96-well plate; this lamp is inverted over the
sample plate and ensures even application of light.

2.7. Mammalian cell toxicity assays

The toxicity of CdTe and CdTe–PMB were determined using
the sulforhodamine B (SRB) assay [21]. The assay was
performed using NIH3T3 fibroblast cells grown in Dulbecco’s
modified eagle medium (DMEM) with 10% fetal bovine serum
(FBS) under a 5% CO2 atmosphere. Cells were passaged at
5 × 103 cells per well in 96-well culture plates 24 h before
use. When they had grown to 60% confluency, they were
incubated with CdTe alone, PMB alone, or CdTe–PMB at
various concentrations for 30 min in serum-free, phenol-red
free medium with or without irradiation. The medium was
then exchanged for supplemented DMEM and the cells were
returned to the incubator. After 24 or 48 h, cells were fixed
with trichloroacetic acid (50 μl of 40% v/v) at 4 ◦C for 2 h,
washed five times with distilled water, air-dried overnight and
stained with SRB reagent (sulforhodamine) (50 ml) for 30 min.
Unbound SRB was removed with acetic acid 1%, bound SRB
was dissolved in Tris (100 μl of 10 mM solution at pH 10.5).
Absorbance was read at 510 nm. In each plate, at least five
or six repeats were done of each condition, and independent
assays were performed at least three times.

3. Results

3.1. Nanoparticle and conjugate characterization

The Au nanoparticles were monodisperse, with a mean ±
standard error of the mean (SEM) diameter of 2.7 ± 0.7 nm
(figures 1(A) and (B)). At this small size, no plasmon peak was
evident on the absorbance spectrum. The particles showed a
weak far-red fluorescence when excited at 550 nm (quantum
yield <1%; emission peak, 780 nm) (figure 1(C)). Three sizes
of CdTe nanoparticles, corresponding to three distinct emission
colors, were used. They were highly monodisperse, with mean
diameters of 3.1 ± 0.2 nm (green-emitting), 3.4 ± 0.3 nm
(yellow-emitting), and 4.1±0.7 nm (red-emitting) (figures 1(E)
and (F)). For all particles, zeta potential was approximately
−40 mV.

Assembly of negatively-charged QDs with polycationic
reagents such as PMB occurs spontaneously and rapidly as
observed by changes in zeta potential, migration by gel
electrophoresis, and aggregation [9, 22]. We found that greater
than 40 PMB molecules added per QD-carboxylate led to
aggregation and loss of colloidal stability within seconds, and
so all further imaging experiments were performed with a
30:1 ratio or smaller of PMB:QD. Such ratios led to complete
association of the PMB with the particles, with no free PMB in
the supernatant when particles were centrifuged and washed
(not shown; free PMB measured by OPA assay). PMB
assembly also led to a quenching of 90–95% of the QD
emission accompanied by a red-shift of ∼10 nm (figure 2).
This was in contrast to what was seen with CdSe/ZnS, which
became brighter upon assembly with PMB [9]. The conjugates
were stable for at least 5 h with and without 440 nm light
irradiation, as evidenced by the lack of PMB released into the
solution as measured by the OPA assay (no significant signal
at all time points; limit of detection: 100 nM or 1 part in 300;
experiment repeated three times).
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Figure 1. Properties of nanoparticles used in this study: (A) TEM image of Au nanoparticles; (B) size distribution of >1500 particles
showing a mean diameter of 2.7 nm; (C) absorbance and emission spectra of Au nanoparticles, because of the small size, there is no plasmon
resonance peak; the emission was taken with excitation at 550 nm; (D) TEM image of red CdTe QDs, mean diameter 4.1 nm; (E) absorbance
spectra of green (G, mean diameter 3.1 nm), yellow (Y, mean diameter 3.4 nm), and red (R) CdTe QDs; (F) emission spectra of G, Y, and R
QDs excited at 400 nm.

Figure 2. Characterization of QD–PMB. (A) Scheme for the design of QD–PMB; QDs are stabilized by the ligand MPA to provide
carboxylate functionality on the surface (above) and the structure of PMB is shown (below). (The tiopronin-capped Au nanoparticles also
have carboxylate groups.) (B) Typical emission spectra of CdTe QDs before and after conjugation of PMB at different ratios.
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Figure 3. Measurement of ROS generation by CdTe QDs and QD–PMB conjugates. (A) Signal from XTT measured by absorbance at 470 nm
versus time of exposure to blue light irradiation. The results are means ± SEM of four independent experiments with duplicates in each.
When error bars do not appear, they are smaller than symbols. (B) The sodium terephthalate assay measured as emission at 435 nm with
excitation at 300 nm. The results are means ± SEM of four independent experiments with all QD colors averaged (a total of 8–12 data points
for each condition).

3.2. Reactive oxygen species (ROS)

We have previously found no sign of singlet oxygen genera-
tion from CdTe nanoparticles, but have found evidence of both
superoxide and hydroxyl radical production in the presence of
water, oxygen, and blue light illumination [13, 12]. We re-
peated these tests here with CdTe alone and CdTe–PMB con-
jugates to determine the effect of conjugation on radical forma-
tion. The XTT and sodium terephthalate tests have been shown
to be consistent in the presence of quantum dots and to agree
with spectroscopic measures [11]. XTT measures HO·

2/O−
2

generation colorimetrically when the generated radicals reduce
the tetrazolium dye 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide (XTT) to the highly colored
(yellow) XTT formazan [1]. Sodium terephthalate measures
hydroxyl radical formation by the formation of a fluorescent
product, 2-hydroxyterephthalate [3, 28]. We also used the Am-
plex Red assay, which measures H2O2 formation by either ab-
sorbance or fluorescence emission.

We found a positive XTT signal from all colors of CdTe
that varied according to preparation, with the green QDs
showing the lowest signal and the red and orange QDs a higher
signal. A plateau was seen after 30–50 min of irradiation.
All signals were reduced approximately two-fold in the QD–
PMB conjugates (figure 3(A)). In contrast, the signal from the
sodium terephthalate assay was the same for all QD colors. The
signal nearly disappeared upon PMB conjugation (figure 3(B)).

The Amplex Red assay in the presence of CdTe
yielded extremely large signals, corresponding to tens of
millimolar of H2O2 (see supplementary data, figure S1
available at stacks.iop.org/Nano/22/185101/mmedia). It has
been previously reported that other types of nanoparticles,
including titania and ceria, yield similar erroneous results [16],
and so we concluded that Amplex Red was not reliable in the
presence of CdTe.

No ROS generation was observed from Au nanoparticles
(data not shown).

3.3. Growth curve models, antimicrobial activity of PMB
alone and Au–PMB conjugates

Antimicrobial activity of PMB and conjugates was determined
from growth curves for E. coli and S. aureus with PMB and
Au–PMB at different concentrations and ratios. This approach
provides a dynamic view of toxicity and when properly
analyzed yields more information than static measures such as
plate counts [23]. All growth curves were fitted to the logistic
function

y = y0 + ymax − y0

1 + exp(β − αx)
, (1a)

where α corresponds to the growth rate and β to the location
parameter (fitting values are provided in supplementary
information, table S1 available at stacks.iop.org/Nano/22/
185101/mmedia). The exception was for curves where growth
was not seen and optical density decreased exponentially; in
these cases the curves were fitted to the exponential decay
equation

y = y0 + (ymax − y0)e
−kx . (1b)

The bacterial density at a chosen time point was then
plotted versus PMB concentration (or in some cases CdTe
concentration). This gave an IC50 curve of the form

y = ymin + ymax − ymin

1 + 10[Log(IC50)−x]H
, (2)

where H is the Hill coefficient. Values of IC50 were compared
at 2–3 time points representing mid-log and plateau growth
phases and were found to be highly consistent; a mid-log value
was then chosen for each of the curves shown here.

Minimum inhibitory concentration (MIC) was also
determined from the growth curves by relating the fractional
area under the growth curve (AUC) to two parameters, P1 and
P2 [8]:

AUC

AUC0
= exp

[
−

(
C

P1

)P2
]
, (3)
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Figure 4. Antimicrobial activity of Au–PMB. (A) Sample growth curves for E. coli only (Eco), Au only at 8.5 nM (overlapping), and 0.07,
0.15, 0.175, and 0.2 μg ml−1 PMB alone and conjugated 30:1 to Au. Curves are fits to equation (1) with parameters given in the
supplementary information, table S1 (available at stacks.iop.org/Nano/22/185101/mmedia). (B) Sample IC50 curves for PMB alone (‘Eco
only’) and with 30:1 PMB conjugates, fitted to equation (2) with fitting values given in the text. There was no significant difference in any
experiment between these conditions. (C) IC50 curves for 30:1, 30:2, and 30:4 Au–PMB with fits to equation (2).

where MIC is the intercept of the tangent to the maximum
gradient of the curve of AUC versus log [C]:

MIC = P1 exp

(
1

P2

)
. (4)

PMB was highly effective against E. coli, with IC50 values of
150 ± 12 ng ml−1 and an MIC of 215 ± 20 ng ml−1 (n =
6 independent experiments). The inhibition curve was very
steep with concentration. When PMB was conjugated to Au
nanoparticles at a 30:1 ratio, the IC50 was not significantly
different from that of PMB alone (145 ± 20 ng ml−1, with
some experiments showing a slightly higher value than PMB
alone and others slightly lower). The Au particles themselves
were non-toxic (figures 4(A) and (B)). Increasing amounts
of Au made the conjugates increasingly less effective, with
an increase in IC50 of ∼20 ng ml−1 each time the Au
concentration was doubled (figure 4(C)).

As anticipated for Gram positive strains, S. aureus was
highly resistant to PMB, with IC50 values of 8.5±0.5 μg ml−1

and MIC > 15 μg ml−1 (n = 6 experiments). Conjugation to
Au did not make the drug more effective (data not shown).

3.4. Antimicrobial activity of CdTe–PMB

The CdTe QDs used in this study were consistent with
those reported previously [12, 13]. For E. coli, IC50 values
were >200 nM without light exposure and were not fully
determined. With 30 min of blue light, values of IC50
were somewhat dependent upon the size of the particles,
with smaller particles being more toxic: ∼40 nM for green
CdTe, ∼50 nM for orange, and ∼80 nM for red (the
difference between green and orange was not statistically
significant) (supplementary information, figure S2 available at
stacks.iop.org/Nano/22/185101/mmedia). MICs for all colors
with light exposure were ∼300 nM. S. aureus was significantly
more resistant to the QDs, with IC50 values >600 nM with
or without irradiation (supplementary information, figure S3
available at stacks.iop.org/Nano/22/185101/mmedia).

Because of the high sensitivity of E. coli to PMB,
bactericidal concentrations of 30:1 PMB: CdTe corresponded
to very low concentrations of CdTe. A concentration

of 0.05 μg ml−1 PMB was the highest tested at which
the drug alone showed no significant effect on E. coli
growth. Conjugated 30:1 to CdTe (corresponding to a CdTe
concentration of 1.2 nM), this same concentration caused
nearly 50% growth inhibition when exposed to light. At
0.1 μg ml−1 PMB and 2.4 nM CdTe, cell growth was almost
completely inhibited (figure 5(A)). There were no significant
differences in toxicity between the different colors of QDs
(data not shown). The overall effect of CdTe conjugation to
PMB was a flattening of the very steep PMB dose–response
curve, making it nearly linear. While the effects of light
were statistically significant at low concentrations, they were
very small, and they became negligible at concentrations
>100 ng ml−1 PMB/2.4 nM CdTe. IC50 values were reduced
by nearly a factor of three with CdTe: 57 ± 5 ng ml−1

without irradiation, and 55±5 ng ml−1 with light (figure 5(B)).
The MIC values showed a strong dependence on light;
calculated values were 190 ± 20 ng ml−1 without irradiation,
and 120 ± 20 ng ml−1 with 30 min of light exposure (see
supplementary information, table S1 for AUC values available
at stacks.iop.org/Nano/22/185101/mmedia).

As expected, S. aureus showed significant resistance
to PMB, with effective concentrations more than ten-fold
what was seen for E. coli. CdTe was not able to
overcome this resistance to any significant degree, even though
conjugation to effective drug concentrations corresponded to
high concentrations of the nanoparticles. Complete bacterial
inhibition could be achieved at 12 μg ml−1 PMB/288 nM
CdTe (figure 5(C)). Examination of the IC50 curve showed a
modest effect of CdTe on growth that was similar across PMB
concentrations, and that did not depend upon light exposure.
IC50 was reduced to 7 ± 1 μg ml−1 (figure 5(D)).

3.5. Synergy or additive effect?

To determine whether PMB and CdTe worked synergistically,
the fractional inhibitory concentration (FIC) index was used,
where

FIC = MIC(CdTe[with PMB])
MIC(CdTe)

+ MIC(PMB[with CdTe])
MIC(PMB)

.

(5)
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Figure 5. Effects of PMB and PMB–CdTe conjugates on E. coli and S. aureus. All conjugates are at 30:1 ratios (corresponding to 1.2 nM
CdTe: 0.05 μg ml−1 PMB). (A) Growth curves of E. coli alone (Eco) and with different concentrations of PMB in μg ml−1, those
concentrations with CdTe, and the conjugates with 30 min of blue light exposure (‘Irr’). Irradiation had no effect on samples not containing
CdTe (not shown). Fits are to equation (1) with fit values in the supplementary information, table S1 (available at stacks.iop.org/Nano/22/
185101/mmedia). (B) IC50 curves taken at 200 min, fit to equation (2). (C) Growth curves of S. aureus alone (Staph) and with different
concentrations of PMB in μg ml−1, those concentrations with CdTe, and the conjugates with 30 min of blue light exposure (‘Irr’). (D) IC50
curves taken at 200 min, fitted to equation (2).

Table 1. MIC and FIC values for different ratios of PMB:CdTe using green QDs.

Ratio MIC–PMB (ng ml−1) MIC–PMB (irr) MIC–CdTe (nM) MIC–CdTe (irr) FIC (no irr/irr)

30:1 200 190 4.8 4.6 0.93/0.89
30:2 200 155 9.6 7.4 0.93/0.74
30:4 215 140 21 13.7 1.01/0.70

FIC values <0.5 indicate synergistic activity, whereas values
0.5 < FIC < 2.0 indicate additive effects [27]. For 30:1
PMB:QD conjugates, the MIC values corresponded to FIC
values of close to unity (table 1). In order to maximize the
QD:PMB effects, we examined the results of changing the
ratio of PMB to the QDs. It was found that increasing the
CdTe concentration for a given PMB concentration led to an
increased FIC in the absence of light, but a decrease with
light exposure. The lowest FIC value was seen with a 30:4
PMB:CdTe ratio in the presence of light. All values implied an
additive effect (table 1).

3.6. Toxicity to mammalian cells

PMB is an antimicrobial agent with low toxicity to mammalian
cells. No inhibition of NIH3T3 fibroblasts was seen with
PMB concentrations up to tens of μg ml−1 (not shown). CdTe
showed a concentration-dependent toxicity to these cells that

was not dependent upon light exposure, with IC50 values ∼60–
75 nM for the mean of three colors (figure 6(A)). However,
PMB caused a reduction in cytotoxicity to fibroblasts relative
to QDs alone. At concentrations that were bactericidal to
E. coli, the 30:1 PMB:CdTe conjugate caused very little
toxicity to fibroblasts, with survival >90%. This represented
a significant survival benefit over equivalent concentrations of
QDs alone (figure 6(B)).

4. Discussion

Stable conjugates of nanoparticles to antibiotics can lead to
greater antimicrobial activity than is seen with either agent
alone [24]. Polymyxin B (PMB) disrupts the outer membranes
of Gram negative bacteria, thereby potentially exposing the
cells to the cytotoxic activity of other agents. A previous study
reported highly synergistic effects of Ag nanoparticles and
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Figure 6. Toxicity of CdTe and CdTe–PMB to mouse fibroblasts. The data are means of three independent experiments with four repeats in
each. The independent experiments were each done with a different color of QDs; no significant difference was seen between red, orange, and
green so the results were all averaged. (A) CdTe only, with and without irradiation. The lines are fits to equation (1). (B) CdTe–PMB versus
CdTe alone at low concentrations. Even at these low concentrations, significant toxicity of CdTe alone is seen. Conjugation to PMB improves
cell survival and removes any effect of light exposure. The lines are guides for the eye.

PMB against several Gram negative strains, with FIC values
of <0.4 [27].

In this study we examined the antimicrobial activity of
Au nanoparticles and CdTe quantum dots conjugated to PMB.
One hypothesis to explain increased activity of nanoparticle–
antibiotic conjugates is that the conjugate presents a large
number of oriented molecules to the cell surface in a small
area, thus creating a local concentration that is very high.
This mechanism has been invoked to explain the fact that
conjugates of Au to vancomycin have shown increased activity
relative to the drug alone [14]. If this were the case with
PMB, then toxicity of the nanoparticles themselves would not
be needed, and even conjugates to non-toxic nanoparticles
should show increased activity over PMB alone. This was
clearly not the case. Non-toxic Au nanoparticles showed the
same activity as free PMB when they were conjugated to
the maximum amount of PMB possible without aggregation.
When conjugated at smaller ratios, increasing amounts of Au
led to proportional decreases in the conjugate’s efficacy. We
may thus conclude that the conjugation of Au to PMB brings
no added benefit as an antimicrobial, and infer that toxicity
of the nanoparticles is necessary for an enhanced effect. This
is an important negative result, as the generalizability of the
vancomycin findings remains largely unknown.

Because we had previously found that Gram negative
strains were significantly more sensitive to CdTe than Gram
positive strains [13], we expected that the combination of
CdTe and PMB would be highly lethal to E. coli and much
less effective against S. aureus. We indeed found increased
activity of CdTe–PMB to E. coli relative to PMB alone, but
with some surprises. The increased activity occurred mostly at
the lowest concentrations, leading to a flattening of the dose–
response curve. This effect was nearly independent of light
exposure. However, effects on the MIC were small. Without
light exposure, MIC values of QD–PMB were close to those
of PMB alone. Exposure to 30 min of blue light reduced the
MICs somewhat, but effects seen were merely additive and not
synergistic.

We have previously shown that CdTe QDs release only
very low levels of Cd2+ ions with 30 min of blue light

exposure, and attributed the nanoparticles’ antibacterial effects
to the photo-generation of reactive oxygen species, particularly
hydroxyl and superoxide radicals. There were also secondary
effects seen, such as membrane depolarization, which seemed
to play a small role in toxicity [12]. In this study we have
found that PMB conjugation causes a significant reduction
of photo-induced ROS production from CdTe, particularly
hydroxyl radicals, which fall nearly to zero. Correspondingly,
the toxic effects of CdTe–PMB are less dependent upon
light exposure than those of CdTe alone. IC50 values of
CdTe with and without light exposure do not show significant
differences, suggesting that a significant fraction of E. coli—
at least half—are sensitive to a non-light-dependent toxicity
mechanism of the conjugate. There are several options for
what this mechanism might be. The PMB destabilizes the
cell membrane, and may therefore allow CdTe to depolarize
the cells by affecting the electron transport chain. The
small amounts of Cd2+ and ROS released even during dark
conditions might be highly effective because of their proximity
to the cell. The CdTe might also make PMB more reactive
by oxidizing the peptide, which could lead to the formation
of long-lived ROS species such as peroxide [30]; however,
we were not able to adequately address this because of the
unreliability of the Amplex Red assay in the presence of
quantum dots.

Whatever this mechanism or combination of mechanisms,
it is not sufficient to suppress all bacterial growth. Inhibition
of all growth requires light exposure and is only a modest
improvement over PMB alone. Thus, for at least a significant
fraction of the bacteria, phototoxicity of CdTe is necessary
for a significant effect, but this effect is small, probably
because of the decreased ROS production seen with QD–PMB.
We hypothesized that decreasing the PMB coverage on the
particles by increasing the ratio of CdTe to PMB would lead
to significant reductions in the MIC. This was the case, and the
greater the amount of CdTe, the stronger the dependence upon
light exposure. However, FIC values remained in the additive
range even for the highest ratio tested, which was 30:4.

It is important to note that the CdTe particles in this
study were exposed to light only once for a period of 30 min.
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Increased time or intensity of light exposure, or exposure at
different periods during bacterial growth, may improve the
results seen with all of the ratios. It would also be interesting
to explore ordinary ambient light or direct sunlight as possible
photoactivators of the particles.

The absolute amount of CdTe in the bactericidal
conjugates was very small, ranging from 4.8 nM in the
30:1 conjugates to 21 nM in the 30:4 conjugates. This
is significantly below the IC50 for fibroblasts, and in fact,
PMB conjugation reduces the toxicity of CdTe to NIH3T3
fibroblasts, probably due to the reduction in ROS production.
Only the 30:1 ratio was tested, and for further studies
this ratio is recommended as increased amounts of Cd do
not qualitatively improve antimicrobial activity. This 30:1
ratio is therefore a potentially promising platform for the
creation of novel antimicrobial agents for use in vitro (e.g. on
surfaces) or topically in vivo. Further studies are required to
exactly determine the mechanisms of action, optimize the light
exposure conditions, and determine the toxicity to animals.
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